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Point-contact measurements on the carbon-substituted Mg(Bi_ a; C 2 ,)2 filament/powder samples di- 
rectly reveal a retention of the two superconducting energy gaps in the whole doping range from 
x = to x « 0.1. The large gap on the cr-band is decreased in an essentially linear fashion with 
increasing the carbon concentrations. The changes in the the small gap up to 3.8 % C are propor- 
tionally smaller and are more difficult to detect but for the heavily doped sample with x fa 0.1 and 
T c — 22 K both gaps are still present, and significantly reduced, consistent with a strong essentially 
linear, reduction of each gap with the transition temperature. 
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The MgB 2 superconductor [1] represents a challenge 
for both technological relevance and fundamental science. 
Its relatively high transition temperature is due to the in- 
terference effect between the a and ir bands with respec- 
tively strongly and weakly coupled Cooper pairs, and re- 
spectively large and small superconducting energy gaps. 
This theoretical two-gap scenario [2,3] has now been sup- 
ported by many experiments [4-11]. Prospects for appli- 
cations of MgB2 depend on a success in increasing the 
critical parameters such as the upper critical field and 
critical current. For that the material must be driven 
from the clean superconducting limit to the dirty one. 
The possibility of selective tuning the a and 7r intraband 
scatterings seems to be the way of accomplishing this 
[12,13]. This can be realized, for example, via the substi- 
tution of a constituent element, such as boron by carbon. 
An undesirable side effect may be a significant increase of 
the interband scattering, presumably leading to merging 
of the two gaps and, as consequence, to a substantial de- 
crease of the transition temperature [2] . Previous studies 
[14-16] on the heavily doped MgB2 by 10 % of carbon 
(T c = 22 K) have shown a presence of the small energy 
gap with 2A/fcsT c « 1.6, the same relative strength as 
for the gap in the 7r-band of the undoped system, incom- 
patible with the single-gap scenario. /i + SR experiments 
have been performed on the carbon doped MgB2 with 
T c 's from 38.3 K down to 34.8 K [17]. The deduced gaps 
A,,- and A CT showed a linear decrease with increasing the 
carbon content and T c , but for the samples with T c < 
36.1 K the reduced value of the large gap 2A/fcsT c was 
below the BCS weak-coupling value 3.52. 

Here we present a systematic study of the two-gap su- 
perconductivity in carbon-doped Mg(Bi_ a; C a ;)2 filaments 
with the carbon content x =0, 0.021 and 0.038 and addi- 
tional experiments on the powder sample with x w 0.1. 
The Andreev reflection spectra on the filaments show two 
very well resolved superconducting energy gaps. The 



large gap on the cr-band is decreased with increasing 
the carbon concentrations, whereas the changes in the 
smaller gap are proportionally smaller and, for these low 
carbon concentrations, difficult to resolve. For the more 
heavily doped sample with x « 0.1 and T c = 22 K, the 
broadening of the Andreev reflection spectra makes a di- 
rect detection of the large gap difficult but we succeeded 
in detecting it by careful measurement at 1.6 K. Our 
identification of the large gap was confirmed by the use 
of an in-magnetic field experiment where the small gap 
contribution can be partially suppressed and the large 
gap revealed. The large gap can also be extracted from 
the analysis of the specific-heat data [14]. In the 10 % 
C doped samples both gaps are detected and both gaps 
scale linearly with the suppression of T c . The temper- 
ature dependencies of the large and small gaps indicate 
that the interband coupling is not significantly changed 
upon the doping in the whole concentration range. 

Wire segments of carbon-substituted MgB2 were syn- 
thesized from carbon doped boron filaments made by 
chemical vapor deposition. The boron and carbon were 
co-deposited to form a fiber of about 75 /xm diameter. 
Mg(Bi_ K C a; )2 filaments were made by exposing the fibers 
to Mg vapor. More details about preparation are given 
elsewhere [12]. X-ray diffraction shows the MgB2 phase 
and Mg lines. No traces of MgO and B4C have been 
found. No measurable changes in the c-axis lattice pa- 
rameter were detected, whereas the measured changes of 
the a-axis lattice parameter Aa(x) were used to deter- 
mine the carbon concentration by comparison to Avdeev 
et al. neutron difraction [18] on x ~ 0.1 samples of 
Mg(Bi_ a; C 2 ;)2. The resulting carbon concentrations are 
x =0, 0.021 and 0.038. The quality of the samples is 
evidenced by a single step and narrow transitions to su- 
perconducting state in magnetization and resistivity with 
T c = 39, 37.5 and 36.2 K defined at the onset of the su- 
perconducting state with ST C < 0.3 K between 10 and 90 
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% of the normal state resistivity. The resistivity of the 
wires increases from 0.5 [iQcm for the undoped system 
to about 10 (ittcm for 3.5 % C. Mg(B . 9 C .i)2 with T c = 
22 K in the form of pellets were prepared following the 
procedure described in Ref. [14] from magnesium lumps 
and B 4 C powder. Traces of B 4 C were not visible in the 
XRD patterns. Small amounts of two impurity phases 
(MgO and MgB 2 C2) resulted even with optimization of 
the synthesis. 

Point-contact measurements on the wire segments have 
been performed in a "reversed" configuration - with the 
Mg(Bi_ 2: C a ;)2 wire as a tip touching softly a bulk piece of 
electrochemically cleaned copper. In the experiments on 
bulk Mg(B .gCo.i)2 samples a tip was (electro)chemically 
formed from copper, platinum or silver wires. A special 
point-contact approaching system with a negligible ther- 
mal expansion allows for temperature dependent mea- 
surements up to 100 K. A standard lock-in technique at 
10 kHz was used to measure the differential resistance 
as a function of applied voltage on the point contacts. 
The microconstrictions were prepared in situ. The ap- 
proaching system enabled both the lateral and vertical 
movements of the tip by differential screw mechanism. 

The point-contact spectrum - differential conductance 
versus voltage between a metal and a superconductor can 
be compared with the Blonder, Tinkham and Klapwijk 
(BTK) theory using as input parameters the energy gap 
A, the parameter z (measure for the strength of the inter- 
face barrier with transmission coefficient T= 1/(1 + z 2 )) 
and a parameter V for the quasi-particle lifetime broaden- 
ing [19]. In the case of the MgB 2 two-gap superconductor 
the overall conductance can be expressed as a weighted 
sum of the partial BTK conductances from the quasi two- 
dimensional c-bands (with a large gap A CT ) and the 3D 
7r-bands (with a small gap A ff ) £ = aE^ + (1 — a)S CT . 
The weight factor a for the A x gap contribution can 
vary from 0.65 for the tunneling/point-contact current 
strictly in the MgB2 a6-plane to 0.99 of c-axis tunneling 
[20]. Indeed, the tunneling experiments on single crys- 
talline MgB 2 [10] have proved that the small gap on the 
7r-band is observed for any tunneling direction while A CT 
is observable only for significant afr-plane tunneling com- 
ponent. 

Extensive measurements on tens of pieces of wire seg- 
ments and bulk doped MgB2 have been performed. The 
point-contacts revealed different barrier transparencies 
from more metallic interface with z = 0.4 up to an in- 
termediate case between metallic and tunneling barrier 
with z ~ 1.2. Crystallites in the wire segments have a 
size up to tens of microns. For such large crystallites, the 
point-contacts yield an information on a particular single 
crystal at the junction, but of unknown orientation. By 
trial and error we looked for the junctions where the both 
gaps would be present. A large number of the "two-gap" 
spectra on Mg(Bi_ x C x ) 2 wires of x = 0, 0.021 and 0.038 
carbon concentrations have been recorded. For the pre- 



sentation and analysis we have chosen those with a small 
broadening Ti, typically less than 10 per cent of respec- 
tive gap Aj. In accordance with the previous report [15] 
the most of the spectra on Mg(Bo.gCo.i)2 revealed ap- 
parently only the small energy gap A n . The broadening 
parameter T was in this case at least 20 per cent of the 
gap value. Larger scattering rates and inhomogencitics in 
the heavily doped Mg(B .gCo.i)2 are probably the main 
reason preventing as easy of a direct detection of the 
large gap, here. Since the point-contact spectroscopy is 
a surface sensitive technique it is sensitive to a possible 
surface proximity effect with correspondingly suppressed 
T c . For most of the junctions the particular T c has been 
checked: in all cases the point-contact transition temper- 
ature agreed with the bulk T c . In addition, as it will be 
shown below, both gaps close near the bulk T c . 

Figure 1 shows characteristic examples of the normal- 
ized conductance-versus-voltage spectra (full lines) ob- 
tained on the Mg(Bi_ ;c C a ;)2-metal junctions. All dis- 
played point-contact conductances have been normalized 
to the conductance in the normal state at T > T c . The 
fits to the spectra by the two-gap BTK formula are shown 
by open circles. As can be seen the spectra on the wires 
with the lower carbon-concentrations - up to 3.8 % C re- 
veal very well resolved two superconducting energy gaps 
with small intrinsic broadening. The upper spectrum 
was obtained on the more heavily doped, 10 % C, pow- 
der sample. To achieve better resolution this spectrum 
is measured at 1.6 K, whereas the others were measured 
at 4.2 K. A one-gap fit to this spectrum is shown as well 
(by the open triangles). Obviously, the two-gap formula 
fits the spectrum better. Thus, the spectrum represents 
one of a few examples indicating a presence of the large 
gap in MgB2 with 10 per cent of carbon. 

Whereas we are able to detect the larger gap in the 
1.6 K tunnelling spectra of the Mg(Bo.gCo.i)2 sample, it 
is not as unambiguously resolved as in the lower doped 
samples. Our identification of the larger gap is strongly 
supported by in- field tunneling measurements. In the 
Fig. 2 the spectrum on the 10 % C MgB2 sample is 
shown in magnetic field. In the spectrum recorded at 
zero magnetic field the shoulder originating from the sec- 
ond large gap is not very pronounced and we have to rely 
on the fit showing that the two gap formula works better 
than the one-gap fit. But a finite magnetic field par- 
tially suppresses the contribution from the 7r-band, with 
a smaller gap, and makes a presence of the large gap from 
the cr-band more conspicuous. This is a well known ef- 
fect in MgB 2 which we detected in our original paper on 
the two-gap superconductivity in pure MgB 2 [6]. Here, 
in a very similar way it helps to further reveal the exis- 
tence of the large gap A CT : appearing as more and more 
clearly defined shoulder, best seen in the spectrum taken 
at B = 0.7 Tesla. At even higher fields the intensity of 
the 7r-band contribution is suppressed so that the tt and 
a peaks interfere to the single maximum, which is located 
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indeed at higher voltages [21] than the original maximum 
of the prevailing 7r-band spectrum at B = 0. Data such 
as these are further evidence of the clear persistence of 
two superconducting gaps in Mg(Bi_ a; C a ;)2 even at x = 
0.1 levels. 

To obtain further information on the large energy gap 
A a in the heavily doped Mg(Bo.gCo.i) 2 , an analysis of 
the electronic specific heat on the data from Ribciro et 
al. [14] was performed within the frame work of the a- 
modcl as proposed for MgB2 by Bouquet et al. [4]. A 
typical jump at T c from the large energy gap was seen 
as well as an excess weight at low temperatures as a hint 
of the small energy gap A T . Even, if this is an indirect 
method the resulting gaps are indicated as asterisks in 
Fig. 3 and are in good agreement with the direct point- 
contact determination of the gaps. 

Figure 3 shows the overall statistics of energy gaps 
which have been obtained from analysis done on about 
15 best resolved spectra for each carbon concentration, 
except for the 10 % C substituted MgB 2 sample, where 
we only two junctions revealed the large gap. The widths 
of the bars indicates the error in determination of the en- 
ergy gap associated with the fitting to the BTK model. 
The double peak distribution of the large and small gaps 
well covers the gap sizes given by most of the tunneling 
and point contact data on the pure MgB 2 [6,8-10,22]. 
Due to distribution of the two gaps better comparison 
can be made with the similar histograms obtained from 
the MgB 2 point-contact data by Naidyuk et al. [23] and 
Bugoslavsky et al. [24]. Good agreement is found among 
those measurements. There is also a possibility to make 
comparison with the distribution of the gaps on the 
Fermi surface calculated by Choi et al. within the fully 
anisotropic Eliashberg formalism [3]. Matrinez-Samper 
et al. [9] even fitted directly their particular tunneling 
spectra with a distribution of gaps showing two maxima 
around 2.5 and 7 meV. But recently Mazin et al. argued 
that to see directly more than two gaps in the spectrum 
or even whole distribution would require extremely small, 
unrealistic ir and a intraband scattering rates [25]. Thus, 
this particular question of the gap distribution around 
two maxima asks for further studies. Nevertheless, even 
with the presented gap distributions one can see clearly 
the effect of the carbon doping on the gaps. 

In Fig. 4 the gap energies as a function of T c are 
presented. The circles are positioned at the averaged 
energies of the gap distributions in Fig. 3 and the error 
bars represent the standard deviations of the distribu- 
tions. Broadly, the tendency of the evolution of two gaps 
in MgB 2 with carbon doping seems to be almost linear 
with both gaps disappearing (as extrapolated) simultane- 
ously at T c = 0. More data is needed to address possible 
non-linearity at low carbon content and to more precisely 
determine the point where two gaps merge to one or dis- 
appear (the error bars on the data presented in Fig. 4 
support a merging of the two gaps for K < T c < 10 



K). The inset to Fig. 4 with the reduced gaps 2A//cbX' c , 
shows that already for the small carbon concentrations 
there is a tendency to merge both gaps. Despite this 
tendency, on the samples with 10 per cent of carbon 
doping and T c = 22K the two-gap superconductivity is 
still clearly retained as presented by the normalized gaps 
2A a /k B T c ~ 3.6 and 2A 1T /k B T c ~ 1.6. 

The temperature dependence of the large and small 
energy gaps A a and A w from the point-contact spectra 
on Mg(Bi_ :c C a ;)2 samples with different carbon concen- 
trations are shown in Fig. 5. One can notice that the 
shape of the temperature dependence of both gaps does 
not show any obvious change due to a different carbon 
concentration. As mentioned already by Suhl et al. [26] , 
the shape of the temperature dependence of the small 
gap is related to the measure of the interband coupling. 
If it was too small the small energy gap would tend to 
close at temperatures much below the bulk T c with a tail 
to T c . In the case of pure MgB2 the temperature depen- 
dence of the small gap slightly undershoots the BCS line 
[6] in line with the predictions of Liu et al. [2]. Within 
the shown error bars in Fig. 5 we can conclude that the 
interband coupling is not changed by the carbon doping. 

The theoretical calculations have shown that due to a 
very different /c-space distribution of the 7r and a bands, 
the only route to increase the a — tt scattering is via inter- 
layer hopping, from a p z orbital (7r-band) in one atomic 
layer to a bond orbital (cr-band) in another layer [27]. 
But no changes in the c-lattice parameter which could 
help the interlayer charge transfer in carbon substituted 
samples in comparison with the pure MgB 2 were detected 
[12]. Recent theoretical modelling also corroborates that 
carbon doping is not favorable for increased interband 
scattering [28]. What is then the reason for a significant 
decrease of the transition temperature to T c = 22 K at 10 
% C doping? The transition temperature is determined 
by the characteristic phonon frequency, the strentgh of 
the electron-electron coupling and the density of the con- 
duction electrons. Due to hole cr-band filling the density 
of states can be decreased by carbon substituting boron. 
Masui et al. have detected hardening and narrowing the 
Ei g phonon modes by Raman scattering [29] which can 
have a dramatic effect on the strength of the cooper pairs 
coupling in the cr-band. Decrease in the density of states 
at the Fermi level was suggested by band structure calcu- 
lations [30] and observed through measurements of heat 
capacity [14]. Also a significantly lower anisotropy in i? c2 
[14] in heavily carbon doped compound implies that the 
cr-band Fermi surface is not nearly so 2D as in the pure 
MgB 2 . 

In conclusion, we have obtained an experimental evi- 
dence for existence of the two-gap superconductivity in 
the carbon-substituted MgB 2 for all C concentrations 
from to about 10 per cent with T' c s from 39 down to 
22 K. The both gaps are closing near the bulk critical 
temperature of the respective sample. The temperature 
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dependence of the gaps indicates no changes in the in- 
terband coupling which could eventually lead to definite 
merging of the gaps. 
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FIG. 1. Full lines - Mg(Bi-a;Ci)2 point-contact spectra at T = 4.2 K (except for the top spectrum recorded at 1.6 K). Open 
circles - fitting for the thermally smeared BTK model for two gaps. Open triangles for x = 0.1 curve - fit to the one-gap BTK 
formula. The upper curves are vertically shifted for the clarity. The arrows indicate a development of the gaps with increasing 
carbon content. 
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FIG. 2. Mg(Bo.gCo.i)2-Cu point-contact spectrum at 1.6.K (shown in Fig.l) recorded at different magnetic fields. Partial 
suppression of the small gap contribution helps in revealing the large gap (see the text). The curves at finite field are shifted 
down for clarity. 
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FIG. 3. Distribution of the superconducting energy gaps of Mg(Bi-a;Ci)2 as obtained from numerous point-contact junctions 
on different samples of the particular C concentration. Asterisks - the gaps obtained from analysis of the specific heat [14] . 
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FIG. 4. Superconducting energy gaps from point-contact experiments at lowest temperature as a function of T c . The points 
- average energy of the particular gap distribution shown in Fig. 3. The error bars - the standard deviations in the distributions. 
Asterisks - deduced from analysis of the specific heat measurement (see text). Lines are guide for the eye. 
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FIG. 5. Temperature dependence of the energy gaps of Mg(Bi_ x C x )2 determined from the fitting of the point-contact 
spectra. Full lines represent the BCS prediction scaled to the n and a gaps. 
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